Abstract: Although the zebrafish model provides an important platform for the study of developmental biology, recent work with the zebrafish model has extended its application to a wide variety of experimental studies relevant to human disease. Currently, the zebrafish model is used for the study of human genetic disease, caveolin-associated muscle disease, homeostasis, kidney development and disease, cancer, cardiovascular disorders, oxidative stress, caloric restriction, insulin-like pathways, angiogenesis, neurological diseases, liver disease, hemophilia, bacterial pathogenesis, apoptosis, osteoporosis, immunological studies, germ cell study, Bardet-Biedl syndrome gene (BBS11), Alzheimer's disease, virology studies and vaccine development. Here we describe the essential use of the zebrafish model that applies to several clinical diseases. With increased understanding of the cellular mechanisms responsible for disease, we can use knowledge gained from the zebrafish model for the development of therapeutics.
INTRODUCTION
Presently, wide variety of model organisms are commonly used for studying the diseases and their mechanism, using Drosophila and Caenorhabditis elegans, and mammals, such as mice, rats and primates etc. But there is a wide research gap exists between the invertebrate and vertebrate model systems. In developmental biology, a similar gap has been filled by the zebrafish (Danio rerio). The zebrafish, a teleost native to tributaries of the Ganges river in India and Bangladesh, which is also very favorite in home aquariums in every country due to its hardy nature. Currently, it is one of the leading models for studying development and human diseases (Rubinstein, 2003) . Zebrafish were established as a tool for academic developmental biologists in the 1970s and 1980s due to their transparent embryos and rapid organogenesis. In the 1990s, zebrafish were used for the first vertebrate large scale mutagenesis screen, yielding thousands of mutations, some of which recapitulated human diseases. The characteristics that make zebrafish a popular experimental animals ( Fig. 1) to study the diseases mechanism include: (1) Zebrafish larvae are transparent. The eggs hatch rapidly. The embryos are transparent and all cells remain visible up to the early larval stage. Organs, cells and tissues may be readily visualized in vivo and investigated in real-time (Eisen, 1996; Fishman, 1999) . (2) Embryogenesis is rapid and large numbers of embryos are generated due to the high fecundity of zebrafish. Under ideal conditions, the females spawn up to 300 eggs per week. The eggs hatch rapidly. This enables the study of large numbers of meioses for positional cloning purposes. In addition, maintenance costs are significantly lower than those for mammals. (3) The zebrafish is amenable to molecular and genetic analysis through rapid determination of temporal and spatial gene expression, examination of specific gene function by transgenic development, antisense gene knockdown and through large-scale mutagenesis Knapik et al., 1998) . (4) Zebrafish have cardiovascular, nervous and digestive systems that are similar to those of mammals. As a vertebrate organism, zebrafish presents many organs and cell types similar to that of mammals. Organogenesis occurs rapidly, and major organs are present in larvae by 5 to 6 days post-*Department of Marine Biotechnology and Resources, College of Marine Science, National Sun Yat-sen University, Kaohisung, Taiwan; E-mail: drchiranjib@yahoo.com that function as components of a common molecular machine such as a signal-transduction pathway or a complex of physically interacting proteins. In contrast, vertebrate systems such as the mouse (Benavides and Guenet, 2001) , zebrafish (Barut and Zon, 2000; Dooley and Zon, 2000) , frog, and chicken and to some extent more complex invertebrates (e.g., echinoderms and primitive chordates) are most likely to provide accurate models for the human disease state, which can be used to assess various strategies for intervening in the disease process. But with the above advantage with zebrafish, which is filling gap between development and diseases Beis and Stainier, 2006) , is the most important and interesting tool today to study the mechanism of human diseases.
HOMOLOGY OF ZEBRAFISH DISEASE GENE AND HU-MAN DISEASE GENE
The size of the zebrafish genome is approximately half of the human genome; it may encode a more number of genes, due to gene duplication. Because the regulatory regions of gene duplicates may diverge, they will often, together, fulfill the function of a single mammalian gene, allowing a more detailed dissection of gene function. Most gene families present in mammals are represented by one or more orthologs in the zebrafish. The identification of numerous human disease gene orthologs has further confirmed the relevance of the zebrafish for the study of human disease. Identification and characterization of human disease geneorthologs should facilitate the development of new zebrafish disease models. (Wittbrodt et al., 1998; Force et al., 1999) . For example, genes linked with thrombosis, inflammation, leukemia, diabetes, neurological disorders, Alzheimer's disease, Huntington's disease and amyotrophic lateral sclerosis have been cloned in the zebrafish. Examples of human disease genes that have been identified in the zebrafish are presented in Table 2 .
TO STUDY DIFFERENT HUMAN DISEASES AND THEIR MECHANISMS: ZEBRAFISH AS AN IDEAL MODEL
In this review, we describe the versatility of zebrafish as a model organism and the need to exploit this species as a model to study different human diseases. At this instant, we will discuss about different diseases where zebrafish has been used as an ideal model so far, which are as follows:
Zebrafish and Genetic Diseases
It was known previously that the mouse and human genomes share large blocks of chromosomal symmetry, but no one believed that the fish chromosomal structure would resemble that of the human. For many chromosomal loci, the symmetry is obvious between the fish and the human . This facilitates positional cloning of the zebrafish genes, which can utilize information from the Human Genome Project. A zebrafish researcher can scour the human databases and look for candidate genes in the region near a zebrafish mutation. In the future, it should be possible for investigators studying human genetics to be able to interface directly to a zebrafish Web site (The Zebrafish Server, The Fish Net, ZFIN, http://zfish.uoregon.edu/) and evaluate mutants in a region of interest to the investigator. This process of "genome ping-ponging" based on these relationships will further establish the usefulness of the zebrafish for the understanding of human disease. The rapid progression of mapping and identification Leimer et al., 1999; Behra et al., 2002; Musa et al., 2001; Monnot et al., 1999 Huntington's disease Cancer/tumor Myc myc-induced T cell leukemia Langenau et al., 2003; Langenau et al., 2005 of gene function in zebrafish demonstrates the value of this organism in the field of physiological genomics. With continued development of genomic tools for the zebrafish system, there is a greater likelihood of the identification of the function of newly discovered genes and determination of relevance to human disease. The initial characterization by Streisinger and co-workers (Streisinger et al., 1981; Streisinger et al., 1986) of the zebrafish provided a strong foundation for the ease of genetic studies. The combination of easy mutagenesis and powerful phenotypic screens of the earliest developmental stages resulted in the undertaking of large-scale screens. Phenotypic analysis of embryonic development in animals obtained from two mutagenic screens of the zebrafish genome isolated mutations that affect virtually all major organ systems (Grunwald and Streisinger, 1992) .
N o t F o r D i s t r i b u t i o n
The first large-scale mutagenesis screens of zebrafish to identify developmental mutations were conducted by Nusslein-Volhard and colleagues in Germany in the early 1990s (Haffter et al., 1996) , based on her Nobel prize-winning studies on saturation mutagenesis screens in Drosophila (Nusslein-Volhard and Wieschaus, 1980) , and by Fishman and colleagues in Boston . Their approach was to mutagenize males with a chemical to induce point mutations, and then use a breeding strategy to produce individuals harboring homozygous mutations. A sufficient set of genomics resources is a necessary requirement for the identification of chemically induced mutations. The development of zebrafish genomics has been supported by a Trans-NIH Zebrafish Initiative (http://www.nih.gov/science/models/zebrafish/). Gene targeting by homologous recombination has not yet been accomplished in zebrafish, although embryonic cell cultures have been used to generate germ-line chimeras . However, 'knock down' techniques, in which antisense morpholino oligonucleotides are injected into embryos to partially block the translation of specific mRNAs, have become powerful tools for the dissection of gene function (Ekker, 2000; Nasevicius and Ekker, 2000) .
Zebrafish as a Model for Caveolin-Associated Muscle Disease
Caveolae are an abundant feature of many animal cells. Caveolin-3 is required for myofibril organization and muscle cell patterning. However, the exact function of caveolae remains unclear. Nixon et al. (2005) used the zebrafish, as a system to understand caveolae function focusing on the muscle-specific caveolar protein, caveolin-3 (Cav3). They have identified caveolin-1, caveolin-2 and Cav3 in the zebrafish. Zebrafish Cav3 has 72% identity to human CAV3, and the amino acids altered in human muscle diseases are conserved in the zebrafish protein. During embryonic development, cav3 expression is apparent by early segmentation stages in the first differentiating muscle precursors, the adaxial cells and slightly later in the notochord. Expression of the zebrafish equivalent to a human muscular dystrophy mutant, CAV3P104L, causes severe disruption of muscle differentiation. In addition, knockdown of Cav3 resulted in a dramatic up-regulation of eng1 expression resulting in an increase in the number of muscle pioneer-like cells adjacent to the notochord. These studies provide new insights into the role of Cav3 in muscle development and demonstrate its requirement for correct intracellular organization and myoblast fusion. In future may provide insights into both the protein interactions and cellular functions that underlie muscular dystrophy and other muscle diseases.
A Novel Model to Study Hemostasis
A partial cDNA encoding zebrafish prothrombin has been cloned and used as a probe to study the temporal expression of prothrombin mRNA during early embryonic development by Jagadeeswaran and . The results revealed accumulation of prothrombin mRNA in diverse tissues such as the eyes and myotomes in early embryogenesis. They have also examined the enzymatic activity of thrombin in converting fibrinogen to fibrin in individual embryos at different stages of development. They found that the fibrinforming activity does not temporally correlate with the first presence of thrombin mRNA in the early stages of embryogenesis, but does correlate with the initiation of blood formation and also ability to observe the fibrin-forming activity in single individual embryo will facilitate studies on identifying recessive mutations affecting blood coagulation, such as the regulatory gene mutations controlling the clotting factor genes. Furthermore, this observation of thrombin activity will also facilitate studies on the blood coagulation pathways in the early embryogenesis in this zebrafish model.
Model for Kidney Development and Disease in the Zebrafish
Proper functioning of the kidney requires a structural integration of glomerular podocytes and blood vessels. In zebrafish, evidence that podocytes act to organize vessel ingrowth can be seen in (Marshall, 1929) the expression patterns of genes that are known to play an important role in angiogenesis and (Silva et al., 1977 ) the recruitment of endothelial cells to clusters of podocytes in mutant embryos that lack the dorsal aorta, the normal blood supply for the pronephric glomerulus. Surprisingly, zebrafish mutants that lack blood flow as a result of defects in cardiac function (Rottbauer et al., 2001) fail to form a proper glomerular capillary tuft. This suggests that vascular shear force per se is required to drive capillary formation (Serluca et al. 2002) . Although vascular cells seem normal, they fail to express matrix metalloproteinase-2. Inhibition of matrix metalloproteinase activity by tissue inhibitor of metalloproteinase-1 injections results in a similar failure to form the glomerulus (Serluca et al., 2002) , indicating that degradation and remodeling of the glomerular basement membrane is a key step in capillary tuft formation. One of the most common human genetic diseases is polycystic kidney disease, which affects 1 in 1000 individuals (Calvet and Grantham, 2001) . Kidney cysts are the result of grossly expanded kidney tubule lumens and, when present in sufficient size and number, lead to kidney fibrosis and end-stage renal failure. Drummond (2005) has identified a relatively large set of genetic loci associated with cystic pronephroi in zebrafish (Solnica-Krezel , 1998) . Recently, the results of a large-scale retroviral insertional mutagenesis screen have identified 10 zebrafish genes that when mutated cause pronephric cysts (Sun et al., 2004 ) . The requirement for a relatively large number of genes underlying maintenance of tubule structure is consistent with the idea that maintenance of lumen size and epithelial cell shape is a complex process that is controlled by many cellular proteins or signaling pathways.
Zebrafish as a Cancer Model System
Cancer is a complex disease for millions of humans worldwide. The zebrafish is an ideal vertebrate system to model cancer. Despite more than 300 million years separating the last common ancestor of fish and humans, the biology of cancer is very much the same in these two organisms. Cancer is commonly seen in fish in the wild, and straightforward assays involving water-borne carcinogen exposure have demonstrated that teleosts develop a wide variety of benign and malignant tumors in virtually all organs, with a histology closely resembling that of human tumors (Hawkins et al., 1985; Spitsbergen et al., 2000) . A comparison of the human genome sequence and the soon to be completed zebrafish sequence demonstrates conservation of cell-cycle genes, tumor suppressors, and oncogenes. Beyond comparative genomics, there are many advantages to modeling cancer in the zebrafish system (Patton and Zon, 2001) . A particularly exciting approach would be to combine the power of zebrafish genetics with chemical genetics by performing a chemical suppressor/enhancer screen on a zebrafish cancer model (Chan et al., 2002) . The zebrafish cancer system can be viewed as a combination of vertebrate tumor biology, classical and chemical genetics, and genomics. Beginning with the pioneering work of Streisinger and colleagues, the zebrafish was envisioned as an excellent model system for complex biology. The large-scale forward genetic screens in Tubingen and Boston in the 1990s furthered the system in order to understand early embryonic development Haffter et al., 1996) . A genetic screen in zebrafish (Danio rerio) was performed to find mutations that cause genomic instability (gin), as scored by Streisinger's mosaic eye assay for the study of cancer which is developed by Moore et al. (2006) . Many of the mutants obtained in these screens represent animal models of rare genetic diseases.
Zebrafish Mutants as a Model for Human Cardiovascular Disorders
It is necessary to understand the molecular pathways underlying human dilated cardiomyopathies (DCM). Scientists have recently isolated in some of these lines novel genes essential for the development of proper vertebrate heart form and function (Rottbauer et al., 2001; Rottbauer et al., 2002) . The same group (Rottbauer et al., 2005) have recently identified the genetic defect in zebrafish dead beat and were able to show for the first time that vascular endothelial growth factor (VEGF) signaling modulates cardiac contractility through its receptor FLT-1 and consecutively activation of phospholipase C 11. In an another study, Rottbauer et al. (2006) have isolated a mutation in zebrafish, tell tale heart (tel(m225)), which selectively perturbs contractility of the embryonic heart recently. By positional cloning, they have also identified tel to encode the zebrafish mlc-2 gene.
Model for Oxidative Stress and Apoptosis
Oxidative stress has become a key paradigm in aging (Sohal and Weindruch, 1996) . Little work has been done on oxidative stress during aging in any fish species. However, adaptive responses to toxicological and oxidative stressors in fish have been found to be similar, though not identical, to mammals (Winston, 1991; Kelly et al., 1998) . Fish possess the major antioxidant enzymes, which generally occur at relatively higher levels than those of birds and mammals. Zebrafish appear to be an excellent organism to investigate oxidative stress during aging. Studies on the effects of UV radiation on antioxidant status and survival, and on the use of transgenic zebrafish to serve as sentinels for oxidative stress, have been reported (Carvan et al., 2001; Black, 2002) . Another group has initiated studies on oxidative stress by cloning several zebrafish antioxidant defense genes, including catalase (Gerhard et al., 2000) . In response to many foreign compounds that generate oxidative stress, Carvan et al. (2001) induced the transcription of certain protective genes via specific DNA motifs called electrophile response elements (EPREs). They have shown that the treatment of zebrafish cell line ZEM2S with a variety of chemicals known to induce EPRE-dependent transcription in cultured mammalian cells, results in dose-dependent induction of the transiently-transfected EPRE-LUC reporter construct. Malek et al. (2004) reported the effects of a year-long 10 °C reduction in water temperature on gene expression in tail skeletal muscle from adult zebrafish. They determined using an oligonucleotide microarray representing 15, 512 genes. Expression levels for approximately 600 genes were upregulated by 1.7-fold or greater by the reduction in temperature, while a similar number of transcripts were down regulated by more than 1.7-fold. Using gene ontology (GO) classifications for molecular function, two functional groups, "oxygen and reactive oxygen species metabolism" and "response to oxidative stress, " were found to be overrepresented among up-regulated genes. However, temperature reduction did not suppress lipid peroxidation potential, protein carbonyl content, or 8-oxoguanine level.
Several studies are doing apoptosis using zebra fish. Rybp (DEDAF) is a member of the Rybp/Yaf2 protein family and has been shown to encode pro-apoptotic functions and to be essential for mouse embryogenesis. The related Yaf2 protein has not been studied extensively at the cellular or organismal levels. Stanton et al. (2006) describe zebrafish yaf2 (zyaf2) and show that it is widely expressed during early embryogenesis, with subsequent enrichment of transcripts in the anterior head region. Finally, the observed activation of Caspase 8 in the morphants is in accord with the ability of Yaf2 to inhibit Caspase 8-mediated apoptosis in cultured cells. Their findings implicate Yaf2 as a survival factor during early zebrafish development and organogenesis.
Model for Caloric Restriction
It is necessary for explaining how obesity has emerged as a public health epidemic and understanding the mechanism of energy flux. Another general advantage of a fish species as a model system is the ability to control caloric intake with reasonable accuracy. Scientists have performed short-term studies in zebrafish using a caloric restriction regimen akin to those used in rodent and primate studies (Pugh et al., 1999) . They have designed specific diet formulations to ensure that calorically restricted and ad libitum fed fish consume equivalent amounts of essential nutrients yet decreased calories, primarily carbohydrates. Gene expression in tail muscle from restricted fish was profiled using a small-scale zebrafish cDNA array. Several mitochondrial genes were found to be downregulated, similar to gene expression profiling results reported for skeletal muscle of rhesus monkeys subjected to caloric restriction (Kayo et al., 2001) . Novak et al. (2005) tested the hypothesis that fasting induces a biphasic pattern of change in physical activity levels (PA) by measuring PA before and after long-term food deprivation in zebrafish. They have found that compared to control-fed fish, food-deprived fish showed a significant increase in PA levels during the first 2 days of food deprivation. Subsequently, fasted fish showed a significant chronic decrease in PA compared to fish fed at weight-maintenance levels. These data show a biphasic response of PA to caloric restriction which is comparable to mammals. In a separate group of fish, long-term food deprivation, associated with decreases in PA, induced a significant increase in brain preproorexin mRNA levels compared to feed controls and after 2 days of food deprivation, no change in orexin mRNA was noticed.
Model for Insulin-Like Pathways
Studies conducted over the past several years on insulin-like signaling plays a key role in determining life span (Murakami et al., 
N o t F o r D i s t r i b u t i o n 2000)
. Some information on these pathways is already available in zebrafish. IGF receptors with characteristics of the mammalian type I IGF receptor have been described in zebrafish cells (Maures et al., 2002) . The two major signal transduction pathways, MAPK and PI3 kinase, are activated by IGF-I (Pozios et al., 2001) . Based on data from several fish species, including zebrafish, the major components of the IGF signaling system appear to be structurally and functionally similar to those in mammals, although several key differences are apparent. The insulin-like growth factor (IGF) signaling pathway has been highly conserved in animal evolution and, in mammals which plays a key role in embryonic growth and development for embryo, with the IGF-1 receptor (IGF-1R) being a crucial regulator of the signaling cascade. Eivers et al. (2004) reported the first functional role for the IGF pathway in zebrafish. Expression of mRNA coding for a dominant negative IGF-1R resulted in embryos that were small in size compared to controls and had disrupted head and CNS development. In other hand, upregulation of IGF signaling following injection of IGF-1 mRNA, resulted in a greatly expanded development of anterior structures at the expense of trunk and tail. IGF-1R knockdown caused a significant decrease in the expression of Otx2, Rx3, FGF8, Pax6.2 and Ntl, while excess IGF signaling expanded Otx2 expression in presumptive forebrain tissue and widened the Ntl expression domain in the developing notochord. The observation that IGF-1R knockdown reduced expression of two key organizer genes (chordin and goosecoid) suggested that IGF signaling plays a role in regulating zebrafish organizer activity. This data was supported by the expression of IGF-1, IGF-2 and IGF-1R in shield-stage zebrafish embryos and the demonstration that IGF signaling influences expression of BMP2b, a gene that plays an important role in zebrafish pattern formation.
Model for Angiogenesis
The process of building new blood vessels (angiogenesis) and controlling the propagation of blood vessels (anti-angiogenesis) are fundamental to human health, as they play key roles in wound healing and tissue growth. A method has been develop to visualize blood vessels in the zebrafish include whole mount in situ hybridization (Fouquet et al., 1997; Liao et al., 1997) detection of endogenous alkaline phosphatase activity, and microangiography (Weinstein et al., 1995 ) . Microangiography is also labor intensive and only useful for visualization of patent blood vessels in a complete circulatory system. Transgenic zebrafish with fluorescent blood vessels (Motoike et al., 2000; Lawson and Weinstein, 2002) represent a less labor-intensive way of visualizing blood vessels in the zebrafish. Scientists have generated a transgenic line with fluorescent blood vessels by driving expression of a green reef coral fluorescent protein (G-RCFP) (Matz et al., 2000) with a promoter for the vascular endothelial growth factor receptor 2 gene (VEGFR2, also referred to as Flk-1 or KDR). VEGFR2 is one of several receptors for VEGF family members in humans and is expressed specifically in blood vessels (Gale and Yancopoulos, 1999) . Several zebrafish VEGFR2 cDNAs have been cloned and their expression pattern described (Chan et al., 2002; Fouquet et al., 1997; Liao et al., 1997; Thompson et al., 1998 ) . These groups used a 6.5-KB genomic fragment 5' to the VEGFR2 initiation codon to drive G-RCFP expression specifically in zebrafish blood vessels. Hereafter, the stable transgenic line generated is referred to as TG (VEGFR2: G-RCFP), using standard zebrafish nomenclature. Bayliss et al. (2006) reported the role of angiogenesis and the need for receptor signaling using chemical inhibition of the vascular endothelial growth factor receptor in the adult zebrafish tail fin. They were able to exert precise control over blood vessel regeneration Using a small-molecule inhibitor. An angiogenic limit to tissue regeneration was determined, as a vascular tissue containing skin, pigment, neuronal axons and bone precursors could regenerate up to about 1 mm. This indicates that tissues can regenerate without direct interaction with endothelial cells and at a distance from blood supply.
Vascular endothelial growth factor (VEGF) is a major mediator of pathologic angiogenesis, a process necessary for the formation of new blood vessels to support tumor growth. Leung et al. (2006) provide a new opportunity for cotargeting G protein-and VEGFdependent pathways to synergistically block pathologic angiogenesis, which may lead to a safer and more efficacious therapeutic regimen to fight cancer.
For tumor angiogenesis, Haldi et al. (2006) optimized parameters for xenotransplanting WM-266-4, a metastatic melanoma cell line, including zebrafish site and stage for transplantation, number of cells, injection method, and zebrafish incubation temperature. Since zebrafish are transparent until approximately 30 dpf, the interaction of labeled melanoma cells and zebrafish endothelial cells (EC) can be visualized by whole-mount immunochemical staining. After staining with Phy-V, a mouse anti-zebrafish monoclonal antibody (mAb) that specifically labels activated EC and angioblasts, using immunohistology and 2-photon microscopy, they have observed activated zebrafish EC embedded in human melanoma cell masses. The zebrafish model offers a rapid efficient approach for assessing human cancer cells at various stages of tumorigenesis for angiogenesis.
Model for Neurological Disease
Zebrafish are an ideal vertebrate model to study development of the visual system as they produce transparent embryos that develop rapidly, thereby facilitating morphological and behavioral testing. In a study, zebrafish connexin35 has been cloned from a P1 artificial chromosome (PAC) library. Sequence analysis shows a high degree of similarity to the Cx35/36 orthologous group, which are expressed primarily in nervous tissue, including the retina. The gene encodes a 304-amino acid protein with a predicted molecular weight of approximately 35 kDa (McLachlan et al., 2003) . Axonal guidance and vascular patterning share several guidance cues, including proteins in the netrin family. Wilson et al. (2006) demonstrate that netrins stimulate proliferation, migration, and tube formation of human endothelial cells in vitro and that this stimulation is independent of known netrin receptors. Suppression of netrin1a messenger RNA in zebrafish inhibits vascular sprouting, implying a proangiogenic role for netrins during vertebrate development. They have proposed that the attractive vascular and neural guidance functions of netrins offer a unique therapeutic potential. Parkinson's disease is characterized by a severe loss of dopaminergic neurons resulting in a range of motor deficits. The neurotoxin 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) is known to cause a similar loss of dopaminergic neurons in the human midbrain with corresponding Parkinsonian symptoms. Several animal species have also shown sensitivity to MPTP, including primates, mice, goldfish, and, most recently, zebrafish. A study demonstrated by McKinley et al. (2005) that the effect of MPTP on dopaminergic neurons in zebrafish larvae is mediated by the same pathways that have been demonstrated in mammalian species. MPTP-induced neurodegeneration was prevented by co-incubation with either the monoamine oxidase-B (MAO-B) inhibitor l-deprenyl or the dopamine transporter (DAT) inhibitor nomifensine. Furthermore, targeted inactivation of the DAT gene by antisense morpholinos also protected neurons from MPTP damage. Thus, the mechanism for MPTP-induced dopaminergic neuron toxicity in mammals is conserved in zebrafish larvae. Effects on swimming behavior and touch response that result from MPTP damage are partially ameliorated by both ldeprenyl and DAT knockdown.
Models for Liver Disease
To identify zebrafish mutants to serve as models for hepatic pathologies, Sadler et al. (2005) screened for hepatomegaly at day 5 of embryogenesis in 297 zebrafish lines bearing mutations in genes that are essential for embryonic development. Seven mutants were identified, and three have phenotypes resembling different liver diseases. Mutation of the class C vacuolar protein sorting gene vps18 results in hepatomegaly associated with large, vesicle-filled hepatocytes, which we attribute to the failure of endosomallysosomal trafficking. Additionally, these mutants develop defects in the bile canaliculi and have marked biliary paucity, suggesting that vps18 also functions to traffic vesicles to the hepatocyte apical membrane and may play a role in the development of the intrahepatic biliary tree. Similar findings have been reported for individuals with arthrogryposis-renal dysfunction-cholestasis (ARC) syndrome, which is due to mutation of another class C vps gene. A second mutant, resulting from disruption of the tumor suppressor gene nf2, develops extrahepatic choledochal cysts in the common bile duct, suggesting that this gene regulates division of biliary cells during development. The third mutant is in the novel gene foie gras, which develops large, lipid-filled hepatocytes, resembling those in individuals with fatty liver disease. These mutants illustrate the utility of zebrafish as a model for studying liver development and disease, and provide valuable tools for investigating the molecular pathogenesis of congenital biliary disorders and fatty liver disease.
Hemophilia Model in Zebrafish
Jagadeeswaran1 and have developed artificial hemophilia in zebrafish by treating them with copper and measured their clotting function by a newly developed sensitive clotting time assay. The clotting function can be detected rapidly and reliably in 30 hr larvae and in adult fish by measuring the blood clotting time. They have used this assay to screen wild type zebrafish and identified fish with prolonged clotting time.
Zebrafish Model of Bacterial Pathogenesis
With a natural and important pathogen of fish, Streptococcus iniae, Neely et al., (2000) have established a streptococcus zebrafish model of bacterial pathogenesis. Following injection into the dorsal muscle, zebrafish developed a lethal infection, with a 50% lethal dose of 103 CFU, and died within 2 to 3 days. The pathogenesis of infection resembled that of S. iniae in farmed fish populations and that of several important human streptococcal diseases and was characterized by an initial focal necrotic lesion that rapidly progressed to invasion of the pathogen into all major organ systems, including the brain. Zebrafish were also susceptible to infection by the human pathogen Streptococcus pyogenes. This combination of a genetically amenable pathogen with a well-defined vertebrate host makes the streptococcus-zebrafish model of bacterial pathogenesis a powerful model for analysis of infectious disease. Refinement of these conditions may make it possible to conduct large-scale screens for zebrafish genes that are involved in host-pathogen interactions.
Model for Osteoporosis
Glucocorticoid-induced osteoporosis (GIOP) is a major clinical problem given the widespread use of steroids and limited efficacy of biphosphonates. Existing animal models of GIOP are both slow and expensive. Hence, there is a need both for adjunctive modeling systems, as well as more efficacious therapies for the treatment of GIOP. Barrett et al. (2006) have addressed this issue through the creation of a zebrafish model of GIOP, which can be used for 96-well plate in vivo screening with an assay time of 5 days. The model demonstrates key similarities to human GIOP including a partial response to bisphosphonates.
Model for Immunological Studies
Zebrafish has been advocated as an alternative animal model to study lymphocyte development, although the similarities in the genetic requirements of lymphopoiesis between fish and mammals have not yet been investigated. In a study, Schorpp et al. (2006) examine the role of the transcription factor Ikaros in zebrafish lymphopoiesis. In fish larvae homozygous for an ikaros allele predicted to lack the C-terminal zinc fingers, T lymphopoiesis is absent; the presence of V(H)DmuJmu rearrangements in adolescent fish is delayed in mutants. In adolescent mutant fish, T cells expressing tcrb and tcrd and B cells expressing igm are formed with low efficiency and display an oligoclonal Ag receptor repertoire.
Model for Germ Cell Study
The migration of zebrafish primordial germ cell towards the region where the gonad develops is guided by the chemokine SDF1a. Recent studies show that soon after their specification, the cells undergo a series of morphological alterations before they become motile and are able to respond to attractive cues. In all of these stages, zebrafish germ cells respond as individual cells to alterations in the shape of the sdf-1a expression domain, by directed migration towards their target -the position where the gonad develops (Raz and Reichman-Fried, 2006) .
Model for Virology Studies and Vaccine Development
Zebrafish is a suitable animal model to study VHSV infection and immune (innate and adaptive) responses and, more importantly, we demonstrate for the first time the usefulness of the zebrafish as a vaccination model to viral diseases. The rhabdovirus viral hemorrhagic septicemia virus (VHSV) is the etiological agent of one of the most important salmonid viral diseases. In a work by Novoa et al. (2006) , the ability of VHSV to infect and replicate in zebrafish at low temperature (15 degrees C) was demonstrated. Zebrafish was also used to determine the effectiveness of the recombinant virus rIHNV-Gvhsv GFP as a live attenuated vaccine against the virulent VHSV strain.
Model for Bardet-Biedl Syndrome Gene (BBS11)
In studies of rare diseases, the resolution of linkage mapping is limited by the number of available meioses and informative marker density. Functional analysis of the gene (BBS) in zebrafish and expression correlation analyses among other BBS genes in an expression quantitative trait loci data set demonstrate that TRIM32 is a BBS gene. This study shows the value of high-density SNP genotyping for homozygosity mapping and the use of expression correlation data for evaluation of candidate genes and identifies the proteasome degradation pathway as a pathway involved in BBS (Chiang et al. 2006) . In an another study reported by Badano et al. (2006) where they have identified of a novel locus, MGC1203, that contributes epistatic alleles to Bardet-Biedl syndrome (BBS), a pleiotropic, oligogenic disorder. Finally, recapitulation of the human genotypes in zebrafish shows that modest suppression of mgc1203 exerts an epistatic effect on the developmental phenotype of BBS morphants.
Model for Alzheimer's Disease
Gamma-secretase cleavage, mediated by a complex of presenilin, presenilin enhancer (Pen-2), nicastrin, and Aph-1, is the final proteolytic step in generating amyloid beta protein found in brains of Alzheimer's disease patients and Notch intracellular domain critical for proper neuronal development. Campbell et al. (2006) have employed the zebrafish model to study the role of Pen-2 in neuronal survival. They have found that knockdown of Pen-2 using antisense morpholino led to a reduction of islet-1 positive neurons, and notch signaling was reduced in embryos lacking Pen-2 or other gamma-secretase components. Their results demonstrate that knockdown of Pen-2 directly induces a p53-dependent apoptotic pathway that contributes to neuronal loss and suggest that Pen-2 plays an important role in promoting neuronal cell survival and protecting from apoptosis in vivo. Presenilins play prominent roles in the molecular pathogenesis of Alzheimer's disease and during embryo development. have isolated a zebrafish presenilin orthologue (pre2), which shows a high degree of sequence identity to the human PS2 protein. Zebrafish pre2 is maternally and ubiquitously expressed during early embryo development, whereas Pre2 protein expression is initiated between 6 and 12 hours post fertilization (hpf), suggesting strict regulation of pre2 transla-tion. An integrated microscope image analysis pipeline is developed for automatic analysis and quantification of phenotypes in zebrafish with altered expression of Alzheimer's disease (AD)-linked genes. Liu et al. (2006) results have showed that the computerized analysis is comparable to manual counting with equivalent accuracy and improved efficacy and consistency. Development of such an automated data analysis pipeline represents a significant step forward to achieve accurate and reproducible quantification of neuronal phenotypes in large scale or high-throughput zebrafish imaging studies.
CONCLUSIONS
A large number of evidence is accumulating that shows that zebrafish can accurately represents human biology and the drugs currently used by humans can have a predictable effect in zebrafish assays. Since mammalian disease models are expensive and generally not conducive to highthroughput target validation and drug screening, the zebrafish system has an opportunity to provide a crucial link between high-throughput in vitro assays and in vivo mammalian disease models. However, development of diseaserelevant assays and disease models in the zebrafish is still in its infancy.
Zebrafish is a model system which will provide for both genetic and embryological manipulations. As would be the case for any new model organism, a substantial database of basic gerontological information for zebrafish is needed. Careful documentation during disease modeling easily and economically accomplished in zebrafish, would also be invaluable for the interpretation of age-related phenotypes. By virtue of a wave of biological resources accumulating for the zebrafish, driven primarily by the ability to perform large-scale mutagenesis studies, zebrafish have become a major model system for biomedical research.
